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ABSTRACT

POLYMER-DRIVEN CRYSTALLIZATION USING TELSAM CHAPERONES

Moriah Longhurst
Department of Chemistry and Biochemistry
Bachelor of Science

X-ray diffraction is a robust method for determining the detailed 3D structures of
specific proteins. However, this requires the formation of well-ordered protein crystals, a
process that is time-consuming, expensive, and only has about a 10-30% success rate.
New methods are needed to enable the efficient crystallization of challenging proteins.
One such technique is explored here, which utilizes a protein polymer (the sterile alpha
motif domain of the human protein translocation Ets leukemia, or TELSAM) as a
crystallization chaperone to form a more ordered crystal lattice of target proteins and
drive crystallization. This method was successfully used to crystallize, collect diffraction
data, and solve the structure of a somewhat challenging target protein, the von
Willebrand Domain of human capillary morphogenesis gene 2. This new structure
provided additional information about how TELSAM functions as a crystallization
chaperone and suggests interesting experiments to be carried out in future work.
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Introduction
Protein crystallization and X-ray diffraction are important techniques that make it
possible to determine a precise 3D structure for a variety of proteins. Crystallization
involves forming a highly ordered solid structure made of many copies of an individual
protein. X-ray diffraction data then provides the information necessary to solve the
structure of that protein. However, protein crystallization is time-consuming, expensive,
and challenging—successful crystallization rates are currently only about 10-30%. The
long-term goal of this project is to develop new techniques that make it easier, faster, and
more efficient to crystallize a wide range of proteins, including those that are impossible
or extremely challenging to crystallize using current methods. If successful, new
strategies for protein crystallization and structure determination would make the field of
protein crystallography much more accessible and make it possible for other researchers
to quickly find many new protein structures and develop drugs targeted specifically
toward those proteins.
Crystallization chaperones are molecules that are fused to a target protein and
help copies of that target to come together in a more ordered manner, forming diffracting
crystals. They have been tested as techniques to improve protein crystallization. One such
chaperone is the sterile alpha motif (SAM) domain of the human protein translocation Ets
leukemia (TEL), which is abbreviated as TELSAM. TELSAM is a polymerizing protein
that forms a helical polymer with six TELSAM units per turn. In 2007, Nauli et al.1
designed a chaperone with two TELSAM subunits bound together (2TEL). They used a
mutated version of TELSAM, initially reported by Kim et al.2, where a single valine to
glutamate mutation renders the protein soluble at a high pH and only allows the polymer
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to form at a lower pH. Nauli et al. then attached twelve different target proteins to 2TEL,
several of which had proven very difficult to crystallize on their own, and attempted to
crystallize each of these 2TEL-target fusions. All but one of the proteins crystallized,
although most of the proteins gave crystals that were too disordered to provide useful
diffraction data. This study demonstrated that TELSAM could be a powerful tool in
promoting the crystallization and subsequent structure determination of recalcitrant
proteins.1 The results of the study also present some interesting questions—in what way
were their TELSAM-chaperoned protein crystals disordered? What causes this disorder?
If these problems were solved, TELSAM could become a strong technique for
crystallizing virtually any protein.
Our overall goal is to develop a TELSAM crystallization chaperone that is
capable of aiding fast and easy formation of diffraction-quality crystals of challenging
target proteins. We hypothesized that changing the valency, or the number of target
proteins arranged around the outside of one turn of the TELSAM polymer, would affect
crystal formation and allow us to find a chaperone that gives well-ordered crystals. We
expected that TELSAM polymers would confer avidity to weaker crystal contacts formed
by the target protein, provide rigidity to the crystal lattice, and force the target proteins to
participate in its crystal lattice. Since every previously reported structure involving
TELSAM as a crystallization chaperone has had direct inter-polymer contacts between
TELSAM polymers, as shown in Figure 1, we and others predicted that these interpolymer contacts were necessary for driving the formation of ordered crystals.
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Figure 1. All current structures involving TELSAM polymers feature direct inter-polymer crystal
contacts. TELSAM polymers are shown in cartoon representation and colored in magenta, cyan,
and slate. Fused target proteins are colored white. In each image, a single polymer and a single
monomer within that polymer have been indicated with black outlines. A. PDB ID 1ji7: 1TEL
alone. B. PDB ID 1lky: 1TEL E222R mutant. C. PDB ID 2qb1: 2TEL alone. D. PDB ID 2qb0:
2TEL-Lysozyme fusion. E. PDB ID 2qar: 2TEL-helix-Lysozyme fusion. F. PDB ID 5l0p: 3TELferric uptake regulator fusion. G. Potential crystal packing of a 1TEL-target protein fusion, with 6
copies of the target per turn of the helix. H. Potential crystal packing of a 3TEL-target protein
fusion, with 2 copies of the target per turn of the helix.

As a target protein for testing the viability of TELSAM chaperones as a
crystallization method, we chose the von Willebrand Domain (vWa) of human capillary
morphogenesis gene 2 (PDB ID: 1shu). This protein has been crystallized and is soluble,
but it is a more challenging target. We selected 1TEL as the crystallization chaperone,
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which consists of a single subunit of TELSAM with the V112E mutation that causes the
formation of TELSAM polymers to be pH-dependent. This means that we can selectively
control its polymerization—the chaperone-target fusion can be purified at a higher pH,
where it is soluble and doesn’t aggregate, but then be crystallized at lower pH values.
This fusion of 1TEL and the vWa domain is linked by a flexible alanine linker and is
called 1TEL-flex-vWa. The arrangement of six target proteins around one turn of the
helix, however, suggested that the formation of contacts between adjacent TELSAM
polymers would be impossible and that 1TEL would not be able to form well-diffracting
crystals (see Figure 1G).

Methods3
Cloning of 1TEL-flex-vWa
Prior to my work on this project, a gene fragment for the 1TEL-flex-vWa protein
was designed. The von Willebrand Domain (residues 40 through 217) of human capillary
morphogenesis gene 2 (CMG2) was placed after the sterile alpha motif (SAM) domain
(residues 47 through 124) of human Translocation ETS Leukemia (TEL) protein. Several
other mutations were also introduced into the sequence. Arginine 49 of TELSAM was
mutated to alanine to avoid a potential clash with the vWa domain, and valine 112 to
alanine and lysine 122 to alanine mutations were also introduced into the TELSAM
portion of the gene. In the vWa sequence, arginine 41 was mutated to alanine to avoid a
potential clash with TELSAM. All cysteines were mutated to alanines, and a linker
consisting of a single alanine residue was inserted between TELSAM and the vWa
domain. Following gene design, this sequence was reverse-translated and codon-
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optimized (DNAworks), then ordered from and synthesized by a commercial vendor
(Integrated DNA Technologies). Gibson assembly4 was used to clone this sequence into
the pET42-SUMO vector. The full plasmid was transformed into BL21(DE3) cells and
sequence verified (Eton Biosciences). Valine 112 of TELSAM was then mutated to
glutamate using overlap PCR mutagenesis and Gibson assembly. This mutation renders
the polymerization of the TELSAM protein pH-dependent, rather than concentrationdependent.2 This edited sequence was also transformed into BL21(DE3) cells and
sequence verified (Eton Biosciences).

Production and crystallization of 1TEL-flex-vWa
A stab of frozen cell stock was used to inoculate 40 mL of LB media,
supplemented with 0.35% glucose and 100 μg/mL kanamycin. This culture was shaken
overnight at 30°C and 250 rpm. The following day, 10 mL of the overnight culture was
diluted into 1 L of LB media, supplemented with 0.05% glucose and 100 μg/mL
kanamycin. This was again shaken at 37°C and 250 rpm. At an O.D. of 0.5, isopropyl bD-1-thiogalactopyranoside (IPTG) was added to a final concentration of 100 μM. The
culture was cooled to 18°C and shaken at 250 RPM for an additional 20 hours. The cells
were collected by centrifugation, snap-frozen in liquid nitrogen, and stored at -80°C
All purification steps were completed on ice or in a 4°C refrigerator. 5 g of wet
cell paste were resuspended in 25 mL of wash buffer (50 mM Tris, pH 8.8, 200 mM KCl,
50 mM imidazole, 10 mM MgCl2), supplemented with 1 mM PMSF, 100 μM DTT, 0.5
mg/mL lysozyme, and approximately 1 mg DNase. The cells were lysed by sonication for
25 cycles of 12 seconds on, 59 seconds off at 60% power (Qsonica Q500). The resulting
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lysate was clarified by centrifugation and applied to 2 mL of Ni-NTA resin, which was
then washed with about 7 CV of wash buffer. The protein was then eluted with about 7
CV of elution buffer (50 mM Tris, pH 8.8, 200 mM KCl, 400 mM imidazole, 10 mM
MgCl2) and desalted using several PD-10 desalting columns in parallel (Cytiva).
Approximately 117 mg of protein was obtained per L of culture. The SUMO tag was
removed by the addition of ~10 mg of SUMO protease5 and DTT to 0.1 mM. The
cleavage reaction was allowed to proceed overnight at 4°C. The SUMO tags and SUMO
protease were removed from the protein solution by passing it over another 2 mL NiNTA column. The protein was diluted 8-fold with water and applied to a 4 mL CaptoQ
anion exchange column (Cytiva). The protein was eluted in a KCl gradient. The protein
was further purified by size exclusion chromatography (SEC) using a 100 mL Superdex
200 prep grade column. An SEC trace and a polyacrylamide gel of 1TEL-flex-vWa are
shown in Figure 2.
Following SEC, the protein was buffer exchanged into 12.5 mM Tris, pH 8.8, 200
mM KCl. PMSF, phosphoramidon, and pepstatin A were added to final concentrations of
1 mM, 25 μM, and 1 μM, respectively. 1.2 μL of 20 mg/mL protein was combined with
1.2 μL of reservoir solution in a sitting drop format (SPT Labtech Mosquito).
Commercially available crystallization screens (PEG Ion and Index [Hampton Research])
and custom screens (PEG-Tacsimate and PEG-Malonate) were employed.
X-ray diffraction data were collected remotely at Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 9-2. Large crystals of 1TEL-flex-vWa and a set of
representative diffraction data are also shown in Figure 2. The data was processed using
the Autoproc pipeline6 and the STARANISO algorithm.7 The phases were solved by
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molecular replacement using Phenix Phaser.8 The structure then went through alternating
stages of rebuilding in Coot9 and refinement in Phenix Refine.10,11 TLS parameters were
refined as well, using TLS groups found by the TLSMD server.12 Refinement was
assisted using statistics from the MolProbity server.11
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Figure 2. A. SEC trace of 1TEL-flex-vWa. B. PAGE gel of 1TEL-flex-wWa. C. Crystals of
1TEL-flex-vWa; scale bar is 100 μm. D. Representative diffraction pattern from a crystal of
1TEL-flex-vWa.

Results and Discussion3
We chose the vWa domain as a target protein because it has been crystallized
previously and the structure is known, but it is only moderately soluble on its own.
Previous work in the lab has found it challenging to crystallize vWa alone after
purification with Ni-NTA, anion exchange, and size exclusion chromatography and using
a wide range of custom and commercially available crystallization screens. Diffracting
crystals of vWa were observed after 82 days in crystal trays. These qualities indicated
that this protein would be a good choice to test the viability of TELSAM as a method for
crystallizing more challenging proteins.
Protein fusions of the vWa domain to the C-terminus of a single TELSAM
monomer were modeled, and it was found that a flexible fusion between the two proteins
would be possible with the use of a single alanine residue as a linker. This fusion also
7

used the V112E mutation in TELSAM that confers pH-dependent polymerization. The
gene designed for the 1TEL-flex-vWa protein was cloned and the protein was purified
and set in crystallization drops. A mixture of protease inhibitors as described above was
added to the protein immediately before setting these drops as a way to prevent undesired
cleavage of the linker between TELSAM and vWa by trace proteases that might remain
in the drop.
Large crystals were observed three days later in a 100 mM Bis-Tris pH 5.7, 3.0 M
NaCl condition, indicating that 1TEL-flex-vWa increased crystallization speed about 25fold compared to vWa on its own. These crystals were diffracted both on a Bruker D8
Venture sealed tube X-ray diffractometer at Brigham Young University (to a resolution
of 3.1 Å) and at SSRL beamline 9-2 (resolution 2.6 Å). This data was indexed in a
primitive hexagonal unit cell (a = b = 104 Å, c = 57 Å). It was noticed that diffracting
crystals were not observed until after we had begun using anion exchange as part of the
protein purification process, indicating that a higher level of protein purity may be needed
in order to form well-ordered crystals using TELSAM chaperones. More work is needed
to determine if increased constitutional or conformational purity was the critical factor
here.
Molecular replacement was carried out on the diffraction data collected at SSRL
from 1TEL-flex-vWa crystals. Separate 1TEL and vWa structures were used as models
for this analysis. Phenix Phaser placed one molecule of 1TEL-flex-vWa per asymmetric
unit, and the space group was determined to be P65. This result is consistent with what
was expected due to TELSAM’s 6-fold, helical nature. There was very minimal
anisotropy observed in these crystals. The anisotropic diffraction limits of the unit cell
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axes were found to be a = b = 2.60 Å, c = 2.55 Å. We noted that these crystals were not
mosaic, unlike most of the crystals formed in the original study on 2TEL.1
The structure was solved using Phenix Phaser, Phenix Refine, and Coot—this
structure is shown in Figure 3. We observed that adjacent polymers did not touch—there
were no direct inter-polymer contacts in the crystals. As mentioned earlier, all previously
observed crystal structures of TELSAM-target protein fusions have direct contacts
between adjacent TELSAM polymers1,13-15 (see Figure 1), so this result was somewhat
surprising. A significant number of the crystal contacts were formed by head-to-head
interactions between vWa domains. This also means that there was significant aqueous
space contained within the crystals, which had 61.5% solvent content. This surprising
observation indicates that the upper size limit on target proteins used in this method may
be higher than anticipated since the targets don’t need to be small enough to allow
adjacent polymers to touch each other. Crystals could theoretically form even if the
targets take up all the space surrounding the polymer.

A

B

Figure 3. A. Crystal lattice of 1TEL-flex-vWa, in cartoon representation with TELSAM in
magenta and vWa in cyan. The black hexagon denotes a single polymer and a black triangle
denotes a single subunit. B. Detail of 1TEL-flex-vWa, showing the vWa domains zippering up
and their intercalation into the TELSAM polymer helix. TELSAM polymers are shown in salmon
and vWa domains in cyan and slate.
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When the structure was fully solved, we also noticed that vWa is in a significantly
different position relative to the TELSAM polymer than predicted by our 1TEL-flex-vWa
design model. It packs in tightly against the TELSAM polymer, as shown in Figure 4.
Figure 4A compares the actual structure of 1TEL-flex-vWa to our predicted design
model. 1TEL and vWa form interactions with each other as shown in Figure 4B—
specifically, the C-terminal α-helix of vWa packs against the N-terminus of 1TEL,
making several different types of non-covalent interactions with it. There are van der
Waals interactions between the sidechains of vWa Leu 254 and 1TEL Gln 78. Watermediated hydrogen bonds form from the vWa Asn 251 sidechain amide carbonyl to the
1TEL Gln 78 sidechain amide nitrogen and to the 1TEL Ile 3 mainchain carbonyl. An
additional water-mediated hydrogen bonding interaction forms between the vWa Lys 247
sidechain amine and the 1TEL Ala 7 mainchain carbonyl. A direct hydrogen bond is
made between the vWa Asn 251 sidechain amide and the 1TEL Leu 5 mainchain
carbonyl. Finally, additional van der Waals interactions form from the vWa Asn 251
sidechain to the mainchain of 1TEL Ile 3 and to the mainchain and sidechain of Ala 4. It
was also observed that the single-amino acid alanine linker becomes an extension of the
C- terminal α-helix of 1TEL.
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vWa:TELSAM

Figure 4. A. Comparison between the design model and the actual structure of 1TEL-flex-vWa.
The design model is in white, while the crystal structure has vWa in cyan and 1TEL in magenta.
B. Analysis of the cis interface between vWa (cyan) and 1TEL (salmon). Hydrogen bonds are
shown as black dashes.

This result shows that a flexibly-fused target can find a stable, low-energy
conformation by packing against the TELSAM polymer, assisted by the fast on-rate that
the linker provides. This suggests the possibility of designing and crystallizing similar
target-TELSAM fusions when the tertiary structure of the target protein is unknown. We
also plan to take this information and test whether this 1TEL crystallization strategy
would work using longer flexible linkers. We hypothesize that a target fused by a longer
linker would still be able to find a low-energy packing conformation against the surface
of the TELSAM polymer.
The interface between vWa target molecules, interestingly, is entirely
hydrophobic with no polar interactions. This interaction is shown in Figure 5. Leu 194 of
vWa packs into a hydrophobic pocket formed by Trp 99, Ile 100, Tyr 103, and Lys 150 of
a second vWa molecule. Ile 100 from this second vWa packs into another hydrophobic
pocket formed by His 161, Leu 194, Val 195, and Tyr 198 of the first vWa molecule.
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This rigid hydrophobic interaction between vWa molecules, in combination with the
evidence above that a target fused by a flexible linker can find a rigid packing
conformation against the TELSAM polymer, suggests that a rigid transform between
adjacent TELSAM polymers is still necessary for the formation of ordered crystals. This
rigid transform appears to be critical, even though adjacent TELSAM polymers do not
necessarily need to contact each other directly.

B
A

W99

I100
H161

Y103

Y198
V195

K150

L194

Figure 5. A. Analysis of the trans interface between two vWa units, colored cyan and slate. B. A
larger-scale view of this head-to-head interaction between vWa molecules on adjacent TELSAM
polymers (TELSAM is colored magenta and vWa is green).

The average helical rise of the TELSAM polymer observed in previously reported
TELSAM structures is 53.5 ± 0.7 Å.1,13-15 There are some notable exceptions to this
measurement—2TEL on its own, without a fused target, actually tends to form a double
helix, so the helical rise is larger (72.3 Å) to allow this to occur. 2TEL fused to T4
lysozyme also features a slightly larger helical rise than the average (58.1 Å), which most
likely occurs to allow for partial intercalation of the lysozyme molecules into the helix.
The 1TEL-flex-vWa structure described here has a helical rise of 56.9 Å, which is also
slightly expanded relative to the average distance displayed by TELSAM polymers. We
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propose that this expanded helical rise occurs to allow vWa molecules to make optimal
crystal contacts with each other. It is also possible that vWa intercalates into the helix
(like T4 lysozyme); however, this is unlikely, since the nearest resolved atoms of vWa
are at least 7.9 Å from the nearest 1TEL atoms of the next turn of the helical polymer,
and these atoms appear to make no contacts with one another. This observation suggests
that TELSAM polymers are capable of adjusting their helical rise in order to allow ideal
crystal packing interactions of the target protein to form. We don’t yet know whether this
flexibility of the TELSAM helix is helpful or detrimental to the formation of welldiffracting crystals, but it clearly does not completely prevent the formation of these
crystals.
Perhaps the most important result of this work is simply the fact that the protein
formed by fusing 1TEL to a target protein crystallized more readily than the target on its
own, and that well-diffracting crystals of 1TEL-flex-vWa were formed. This supports the
premise that TELSAM polymers tend to stabilize weak crystal contacts and provide
additional avidity that is critical to the formation of crystals. We hypothesize that
TELSAM was successful in driving crystallization of the target protein vWa because of
its ability to provide greater stability and avidity to crystal contacts.

Conclusions and Future Directions
We have used a polymerizing crystallization chaperone to drive fast and ordered
crystallization of a target protein. In doing so, we discovered several new interesting
qualities of this TELSAM chaperone. Adjacent polymers do not need to touch to form an
ordered crystal lattice, and a target flexibly fused to TELSAM is able to find a low-
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energy conformation and pack tightly against the surface of the polymer. Corroborating
past research, we further demonstrated that the TELSAM helix is flexible and is likely
capable of stretching or shrinking to accommodate a variety of targets. Additionally, we
learned that anion exchange is useful in obtaining the necessary purity for formation of
diffraction-quality crystals. These qualities suggest that continued study of TELSAM
chaperones is justified and may aid in the development of powerful crystallization
techniques.
There are several directions that we would like to take this work in the future. We
want to test TELSAM as a crystallization chaperone for a variety of different target
proteins and try a range of different lengths of flexible linker. We would also like to
determine the optimal number of copies of target protein to arrange around one turn of
the TELSAM helical polymer—fusing multiple TELSAM monomers together allows for
placement of one, two, three, or six copies of the target around one turn of the polymer.
We hypothesize, however, that 1TEL may be the most successful of these fusions, as it is
more likely to form triangular shapes within its crystal lattice. In contrast, proteins with
two or three copies of the TELSAM monomer fused to a single target protein might be
more susceptible to forming hexagons or squares within the crystal lattice, which would
be more easily distorted than a triangular lattice.
We also hypothesize that using TELSAM as the starting point for solving a
crystal structure could make it easier to solve the crystallographic phase problem because
the structure of TELSAM is already known and can be used as a search model for the
Phenix Phaser software. If so, this would make it easier to solve the structures of proteins
whose structures are unable to be modeled. A possible experiment to test this idea would
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involve attempting to solve the structure of 1TEL-vWa using only the TELSAM structure
as a search model, rather than using the known structures of both TELSAM and vWa.
Additionally, we have work to do on a related problem involving three TELSAM
monomers fused together with no target protein (this protein is called 3TEL-PL). We
were surprised to be able to separate three different conformations of 3TEL-PL using
anion exchange chromatography and then successfully crystallize and collect diffraction
data from two of them. We hope to solve the structures of these two conformations and
learn if their structures are significantly different from each other. If so, this result would
show that TELSAM crystal contacts are strong enough to form, even when a protein (in
this case, TELSAM itself) is in a different conformation than the one that would be most
likely to crystallize readily using traditional crystallization methods. TELSAM
chaperones could potentially prove to be valuable tools for enabling the separation and
crystallization of different conformations of target proteins.
These future experiments will allow us to discover more detailed information
about how TELSAM polymers work as crystallization chaperones and to explore and
optimize their potential as tools for crystallizing and finding the structure of virtually any
protein.
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Appendix—10xHis-SUMO-1TEL-flex-vWwa amino acid sequence

MGHHHHHHHHHHGS--LQDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQ
GKEMDSLRFLYDGIRIQADQAPEDLDMEDNDIIEAHREQIGG---G--SIALPAHLRLQPIYWSRDDVAQWLKWAENEFSLRPIDSNTFEMNGKALLLLTKE
DFRYRSPHSGDELYELLQHILAQ---A--RAAFDLYFVLDKSGSVANNWIEIYNFVQQLAERFVSPEMRLSFIVFSSQATIILPLT
GDRGKISKGLEDLKRVSPVGETYIHEGLKLANEQIQKAGGLKTSSIIIALTDGKLD
GLVPSYAEKEAKISRSLGASVYAVGVLDFEQAQLERIADSKEQVFPVKGGFQAL
KGIINSILAQS
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